Abstract-Single-carrier distributed antenna network (SC-DAN), in which a group of multiple antennas are distributed in a cell serve a user, can mitigate adverse impacts of path loss, shadowing loss and multipath fading. Frequency-domain space-time block coded-joint transmit/ receive diversity (FD-STBC-JTRD) is attractive for downlink transmission since an arbitrary number of distributed transmit antennas can be used. FD-STBC-JTRD requires the channel state information (CSI) only at the transmitter side and therefore, the complexity problem of mobile terminals can be alleviated. In this paper, we investigate, by computer simulation, the bit error rate (BER) distribution of the SC-DAN downlink. We discuss the impact of the number of distributed antennas involved in FD-STBC-JTRD on the BER outage probability.
INTRODUCTION
Broadband wireless channel is composed of many propagation paths having different time delays and hence becomes a severely frequency-selective [1] . The bit error rate (BER) performance of single-carrier (SC) transmissions is seriously degraded due to strong inter-symbol interference (ISI). This ISI problem can be overcome by the use of receive frequency-domain equalization (FDE). The minimum mean square error based FDE (MMSE-FDE) can take advantage of channel frequency selectivity and obtain large frequency diversity gain [2] , [3] . Recently, transmit FDE has been attracting an attention [4] , [5] . For further improving the transmission performance, the use of antenna diversity is effective. Joint use of antenna diversity and receive FDE is powerful for improving the signal transmission performance in a frequency-selective channel [6] [7] [8] . Recently, authors have proposed a frequency-domain space-time transmit diversity (FD-STTD) combined with receive FDE [9] and frequencydomain space-time block coded-joint transmit/receive diversity (FD-STBC-JTRD) combined with transmit FDE [10] [11] [12] . FD-STBC-JTRD requires channel state information (CSI) at the transmitter and can use an arbitrary number of transmit antennas while FD-STTD requires the CSI at the receiver and can use an arbitrary number of receive antennas. This suggests that if FD-STBC-JTRD and FD-STTD are applied to the downlink and uplink transmissions, respectively, the complexity problem of mobile terminals (MTs) will be alleviated while using an arbitrary number of antennas at the base station.
In cellular mobile communications network, the received signal power varies due to changes in path loss and shadowing loss according to the user's movement [13] . Even if joint antenna diversity/FDE is used, the BER drops sometimes below an acceptable level. This problem becomes more pronounced when a user is near the cell edge. Distributed antenna network (DAN) is a promising network that can solve the problems arising from the path loss and shadowing loss [14] [15] [16] . Figure 1 illustrates a conceptual structure of DAN. In DAN, the conventional base station is replaced by the signal processing center (SPC) and many antennas are spatially distributed around the SPC. Each of distributed antennas is connected to the SPC by optical fiber link. Distributed antennas close to the MT cooperatively serve the MT using transmit diversity technique to mitigate the problem arising from path loss and shadowing loss. It was shown in [15] that DAN improves the spatial distribution of signal-to-noise interference ratio (SINR) compared to the conventional cellular network.
In this paper, we consider an SC-DAN downlink transmission using FD-STBC-JTRD. This network can obtain a fairly large diversity gain by using as many distributed antennas as possible while keeping the MT receiver's complexity low. We investigate, by computer simulation, the BER distributions of the SC-DAN downlink transmission. We also discuss the impact of the number of distributed antennas serving to a user and the propagation channel parameters on the BER outage probability.
The remainder of the paper is organized as follows. Sect. II introduces the SC-DAN model and the propagation channel model. Sect. III describes FD-STBC-JTRD for SC-DAN downlink transmissions. Section IV presents computer simulation results on the downlink BER distributions and discusses the impacts of the number of distributed antennas involved in FD-STBC-JTRD and the propagation channel parameters on the outage probability. Finally, Sect. V offers some conclusions and future works. 
II. SC-DAN MODEL AND PROPAGATION MODEL

A. SC-DAN Model
In this paper, the single-user and single-cell SC-DAN is considered. Figure 2 illustrates the DAN antenna distribution. Antennas are uniformly distributed with equal distance R between adjacent antennas. An MT having N M antennas is randomly located in the shaded area. It is assumed that SPC selects N D distributed antennas nearest from the MT. 
B. Channel Model
The broadband propagation channel is characterized by distant-dependent path loss, log-normally distributed shadowing loss, and frequency-selective fading. The local average received signal power P r,n at the MT for the signal transmitted from the n-th distributed antenna is given by 10 , 10 , , 10 10 n n n n t n n t n r r P R P P
where n t P , ′ is the transmit power from the n-th antenna, R n is the distance between the MT and the n-th distributed antenna, and α and η n are the path loss exponent and the shadowing loss in dB, respectively. η n is a zero-mean Gaussian variable with standard deviation σ. In Eq. (1),
and R R r n n = are respectively the normalized transmit power and the normalized distance. The total transmit power from N D antennas is kept constant as
Assuming that frequency-selective fading is composed of L discrete paths, the symbol-spaced channel impulse response between the n-th distributed antenna and the m-th MT antenna can be expressed as Figure 3 illustrates the SC-DAN downlink transmitter /receiver structure. FD-STBC-JTRD encoding/decoding for various combinations of transmit/receive antennas can be found in [12] . We consider a block transmission of J×N c data modulated symbols {d(t); t=0~JN c −1}. It is assumed that perfect CSI is available at the SPC. FD-STBC-JTRD encoding, decoding, and transmit FDE weights are presented in Sects. III-A, III-B, and III-C, respectively. STBC-JTRD using N D transmit antennas and N M receive antennas can achieve an N D ×N M -th order (full) diversity gain [10] . 
III. FD-STBC-JTRC ENCODING/DECODING
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A. Encoding
At the SPC, a sequence of J×N c data modulated symbols to be transmitted is divided into a sequence of J blocks of N c symbols each. N c -point fast Fourier transform (FFT) is applied to decompose the j-th symbol block {d j (t); t=0~N c −1} into the frequency-domain signal {D j (k); k=0~N c −1} as
A sequence of J frequency-domain signals, {D j (k); k=0~N c −1), j=0~J−1, is encoded into N D streams of Q coded frequency-domain signal blocks each. A combination of J and Q is shown in Table 1 N D streams of Q coded frequency-domain signal blocks each can be expressed using a matrix 
Finally, N c -point inverse FFT (IFFT) is applied to
where P t denotes the total transmit power defined in Sect. II. After inserting a cyclic prefix (CP) of N g symbols into the guard interval (GI), N D streams of (N c +N g ) symbol blocks each are transmitted from N D distributed antennas. 
B. Decoding
where
, and
. H m,n (k) represents the channel gain at the k-th frequency given as
Gaussian variable having zero mean and variance 2N 0 N c /T s with N 0 being single-sided power spectrum density of additive white Gaussian noise (AWGN) and T s being the symbol period.
The frequency-domain STBC-JTRD decoding is carried out on ) (k R to obtain the decoded frequency domain signal vector
As understood from Eq. (11), FD-STBC-JTRD decoding needs only addition/subtraction and conjugate operations. Finally, N c -point IFFT is applied to transform { ) ( k D j } into the time-domain soft decision symbol as
C. Transmit FDE Weight
IV. COMPUTER SIMULATION
A. Simulation Conditions
Simulation conditions are summarized in Table 2 . The simulation procedure is as follows: Firstly, the location of the MT is generated in the shaded area in Fig. 2 . Secondly, the channel impulse responses {h m,n (τ)} between distributed transmit antennas and MT receive antennas are generated. Then, the downlink transmissions using FD-STBC-JTRD are performed to measure the instantaneous BER with the constant transmit E s /N 0 (= P t ⋅T s ). The above steps are repeated sufficient number of times to obtain the BER distribution. Figure 5 plots the complementary cumulative distribution function (CCDF) of the measured BER for various combinations of N D and N M . It can be seen that by increasing N D , the BER can be significantly reduced since the received signal power drops due to the path loss, shadowing loss, and frequency-selective fading can be better suppressed. When N M =1, the BER level which the measured BER exceeds at the 1% probability (this is called the 1% outage BER in this paper) is 2×10 For a fixed number of N D , the 1% outage BER can be reduced by increasing N M because of a larger receive diversity gain. However, Fig. 5 indicates that increasing the number of distributed transmit antennas, N D , can more reduce the 1% BER than increasing the number of MT receive antennas, N M ; the comparison of (N D , N M )=(2, 1) and (N D , N M )=(1, 2) shows that the former achieves lower 1% outage BER than the latter. This is because only addition/subtraction and conjugate operations are performed at MT for decoding without CSI. Therefore, the received signal-to-noise ratio (SNR) after decoding is smaller by a factor of 1/N M than coherent maximal ratio combining (MRC). The conditional SNR for the given channel condition is expressed as (derivation is omitted for the sake of brevity) Figure 6 plots the CCDF of the measured BER with the number of paths, L, as a parameter for (N D , N M )=(4, 2). As L increases, the channel frequency-selectivity gets stronger. This can be exploited by the transmit FDE to reduce the BER outage probability. Figure 7 illustrates the CCDF of the measured BER with shadowing standard deviation σ as a parameter for (N D , N M )=(4, 2). It can be seen from Fig. 7 that the BER outage probability significantly decreases as σ decreases. The shadowing loss has a big impact on the BER performance. An introduction of DAN antenna selection based on the short term SNR (i.e., based on path loss and shadowing loss) may improve the performance more. The impact of antenna selection criterion is left as an important future study. 
C. Impacts of The Propagation Parameters
V. CONCLUSION
In this paper, we evaluated the BER outage probability of SC-DAN downlink using FD-STBC-JTRD. FD-STBC-JTRD allows the use of an arbitrary number of distributed transmit antennas. We showed that the BER outage probability can be significantly reduced by increasing the number of distributed antennas while keeping MT receiver's complexity low.
We assumed a distance based distributed transmit antenna selection. It was shown that the shadowing loss has a big impact on the BER performance. An introduction of distributed antenna selection based on the short term SNR may improve the performance more. Selection criterion of distributed transmit antennas is an important future study. In downlink transmission, an arbitrary number of distributed transmit antennas can be used while limiting the number of MT receive antennas. For uplink transmission, FD-STTD can be applied to use an arbitrary number of distributed receive antennas while limiting the number of MT transmit antennas. A performance comparison of SC-DAN downlink using FD-STBC-JTRD and uplink using FD-STTD is also left as an important future study.
